ABSTRACT: Introduction: Asynchronous stimulation has been shown to reduce fatigue during electrical stimulation; however, it may also exhibit a force ripple. We quantified the ripple during asynchronous and conventional single-channel transcutaneous stimulation across a range of stimulation frequencies. Methods: The ripple was measured during 5 asynchronous stimulation protocols, 2 conventional stimulation protocols, and 3 volitional contractions in 12 healthy individuals. Results: Conventional 40 HZ and asynchronous 16 HZ stimulation were found to induce contractions that were as smooth as volitional contractions. Asynchronous 8, 10, and 12 HZ stimulation induced contractions with significant ripple. Conclusions: Lower stimulation frequencies can reduce fatigue; however, they may also lead to increased ripple. Future efforts should study the relationship between force ripple and the smoothness of the evoked movements in addition to the relationship between stimulation frequency and NMES-induced fatigue to elucidate an optimal stimulation frequency for asynchronous stimulation.
Neuromuscular electrical stimulation (NMES) is
used commonly in rehabilitation settings where the goal is to increase muscle size, strength, and function [1] [2] [3] [4] and may also be used to produce functional tasks (e.g., standing, stepping, reaching, grasping, cycling) [5] [6] [7] [8] [9] where it is termed functional electrical stimulation (FES). One potential limitation to FES is NMES-induced fatigue. In FES applications, maximal power generation and muscle stamina are still major causes of concern. 9 Fatigue limits the potential duration that a desired task can be performed, and thus, methods are sought to reduce NMES-induced fatigue. [10] [11] [12] [13] [14] One suggested cause of NMES-induced fatigue is nonselective, spatially fixed, synchronous recruitment of motor units during conventional stimulation. 15, 16 Due to temporal summation of muscle force, higher stimulation frequencies are required to achieve smooth force output when motor units are recruited synchronously rather than asynchronously. Higher stimulation frequencies are associated with increased rates of fatigue, 11, [17] [18] [19] [20] and thus, when the goal is to minimize fatigue or sustain a desired functional outcome, low stimulation frequencies should be used.
Researchers have examined 2 methods to reduce fatigue during NMES based on the principle of using multiple stimulation channels to reduce the average stimulation frequency in each channel. The first method is sequential stimulation (also described in previous literature as alternating, 21 cyclical, 22 or sequential segmental stimulation 23, 24 ). During sequential stimulation, multiple stimulation channels are used to target multiple synergistic muscles 21, 22 or multiple segments of a single muscle. 23, 24 Pulse trains are then delivered sequentially to each stimulation channel in an effort to reduce the duty cycle of the targeted muscles or muscle segments. A potential limitation to using sequential stimulation during FES is that there may be discrete jumps in force production when switching stimulation channels due to the fact that each stimulation channel is likely to elicit differing force responses to the same stimulus.
A similar and more commonly used method to reduce fatigue is asynchronous stimulation (also described in previous literature as rotary, 25 distributed, [26] [27] [28] [29] interleaved, 19, 20, 30, 31 sequential, 32 or spatially distributed sequential stimulation 33 ). Similar to sequential stimulation, asynchronous stimulation uses multiple stimulation channels to target multiple synergistic muscles or different segments of a single muscle. However, during asynchronous stimulation, the stimulus pulses are delivered in an interleaved manner (i.e., switching the active stimulation channel following each individual pulse rather than after each pulse train). Thus, while sequential stimulation may result in discrete jumps in the force response, asynchronous stimulation exhibits an averaging effect due to the temporal summation of the individual force responses. However, asynchronous stimulation may still exhibit a ripple in the force output. A force ripple is characterized by contractions that are not fully fused, thus exhibiting force tracings (or equivalently, torque tracings) which are not smooth. Ripple can be reduced by increases in stimulation frequency; however, lower stimulation frequencies should be used, because high stimulation frequencies induce fatigue more quickly than low frequencies. 11, [17] [18] [19] [20] While previous research has examined the effectiveness of asynchronous stimulation as a method to reduce fatigue, 19,20,26- 25 studied asynchronous stimulation through surgically divided groups of ventral roots in cats, targeting the plantaris, medial gastrocnemius, and soleus. They showed that asynchronous stimulation of 10 HZ with 3, 5, and 10 channels (composite frequencies of 30, 50, and 100 HZ) produced smoother contractions, greater tension, and a faster rate of tension rise than conventional singlechannel stimulation at 10 HZ. Furthermore, as the number of channels was increased, thereby increasing the composite frequency, the tension increased in amplitude and became smoother. They also examined the tension developed during asynchronous stimulation with 3, 5, and 10 stimulation channels at various stimulation frequencies and found that maximal tetanic tensions were always reached at a lower frequency with asynchronous stimulation than with conventional single-channel stimulation, but force ripple was not quantified. Brown et al. 29 studied asynchronous stimulation of the soleus and medial gastrocnemius in cats by activating the muscle through cut ventral roots with 6 channels of stimulation. They compared the force ripple during asynchronous stimulation at multiple stimulation frequencies where the pulses were delivered with equal time intervals or with unequal time intervals in an attempt to reduce the ripple. They found that shifting the stimulus times could reduce the ripple.
The aim of this study was to quantify and compare isometric force ripple (or equivalently, torque ripple) during asynchronous and conventional single-channel stimulation with surface electrodes across a range of stimulation frequencies in healthy individuals. We expected that force ripple could be decreased by using higher stimulation frequencies; however, lower stimulation frequencies are preferred to reduce NMES-induced fatigue. Thus, knowledge of the interplay between stimulation frequency and force ripple may guide the choice of stimulation frequency during asynchronous FES.
MATERIALS AND METHODS
Twelve healthy individuals (age 28.5 6 7.5 years) participated in the study. Before participation, written informed consent was obtained from each individual, as approved by the institutional review board at the University of Florida. Individuals were asked to sit in a modified leg extension machine (LEM). The LEM allows for seating adjustments such that the axis of rotation of the knee joint could be aligned with the axis of rotation of the LEM. The LEM was fitted with a force transducer such that the isometric knee-joint torque could be measured. Isometric torque was recorded during 5 asynchronous stimulation protocols with stimulation frequencies ranging from 8 to 16 HZ in 2 HZ steps as well as during 2 conventional (i.e., synchronous) single-channel stimulation protocols with stimulation frequencies of 20 and 40 HZ. Isometric torque was also acquired during volitional contractions to provide a reference for the smoothness of volitional contractions in healthy individuals. As stated previously, a force ripple is characterized by contractions that are not fully fused, thus exhibiting force tracings (or equivalently, torque tracings) which are not smooth. Recorded isometric torque measurements from a single individual are shown in Figure 1 to better illustrate the difference between smooth contractions and those which exhibit a ripple. The root mean square (RMS) ripple was computed for each volitional and NMES-induced contraction, expressed as a percentage of the mean torque.
Stimulation pulses were delivered by a currentcontrolled 8-channel stimulator (RehaStim, Hasomed GmbH, Germany), which was controlled by a personal computer. Conventional stimulation consisted of a single stimulation channel with a pair of surface electrodes placed over the quadriceps femoris muscle, while asynchronous stimulation consisted of 4 channels of stimulation. For asynchronous stimulation, the stimulation pulses were interleaved across the stimulation channels. In other words, asynchronous stimulation of 10 HZ with 4 channels results in a composite stimulation frequency of 40 HZ. The electrode configuration used during asynchronous stimulation is depicted in Figure 2 , and the method of interleaving the pulses across the stimulation channels is depicted in Figure 3 .
At the beginning of each experiment, each individual was asked to perform a maximal voluntary contraction (MVC) while the isometric torque was recorded. The individual was then asked to perform contractions at 50% and subsequently 25% of his or her MVC. To aid the individual's ability to reach the desired torque, visual feedback of the torque was provided by means of a display.
The individual then received asynchronous 16 HZ stimulation, while the current amplitude was slowly incremented. This served as a warm-up session while also providing a guideline to select the desired current amplitude. For each individual, the desired current amplitude was selected as either the current amplitude which evoked a contraction of at least 20% of the MVC or the current amplitude beyond which increases in current amplitude caused discomfort, whichever occurred first. Due to subject discomfort, 20% of the MVC was not always obtained during the warm-up session with asynchronous 16 HZ stimulation. The mean current amplitude selected for each individual was 39.7 6 10.1 mA.
The ripple present during asynchronous and conventional stimulation was then examined by delivering biphasic pulses with a pulsewidth of 350 ls and the desired current amplitude previously determined in the warm-up session. While it is possible to adjust the current amplitude for each FIGURE 2. Electrode configuration for asynchronous stimulation with 2 electrodes placed proximally and 4 electrodes placed distally. The stimulation channels corresponding to the 2 most medial distal electrodes share the most medial proximal electrode, while the stimulation channels corresponding to the 2 most lateral distal electrodes share the most lateral proximal electrode. A force transducer was fixed to the leg extension machine to acquire the isometric torque. protocol in an effort to match the mean torque output, doing so may induce fatigue. Therefore, to provide a fair comparison of protocols while minimizing the effect of fatigue, the ripple was quantified as a percentage of mean torque. For subject comfort, the current amplitude was increased as a ramp from 0 mA to the desired amplitude over the course of 2 s. The current amplitude then remained constant for 10 s before decreasing back to 0 mA over the course of 2 s. The duration of constant stimulation was chosen as 10 seconds in an effort to reduce potential fatigue; however, the duration was sufficiently long so that the ripple could be measured. To further reduce any effect of fatigue, the order of stimulation protocols was randomized for each individual, and the individuals were allowed to rest for a minimum of 2 min between each trial. A simple linear regression was performed with the protocol order as the independent variable and the mean torque output as the dependent variable in an effort to examine whether or not fatigue occurred throughout the trials. Because conventional and asynchronous stimulation use different electrode configurations and the protocol order was randomized, the electrode positions were marked so that the positioning could be replicated when placing and removing the electrodes.
RESULTS
Isometric knee-joint torque was recorded during 5 asynchronous stimulation protocols with stimulation frequencies of 8, 10, 12, 14, and 16 HZ (subsequently described as A8, A10, A12, A14, and A16) as well as during 2 conventional singlechannel stimulation protocols with stimulation frequencies of 20 and 40 HZ (subsequently described as C20 and C40). Isometric torque was also acquired during volitional contractions at 100%, 50%, and 25% of each individual's MVC (subsequently described as V100, V50, and V25). The RMS values of the ripple measured during volitional and NMES-induced contractions are listed in Table 1 , and the corresponding box plot is shown in Figure 4 . Higher stimulation frequencies resulted in less ripple during asynchronous stimulation than low stimulation frequencies. The 2 asynchronous stimulation protocols with the FIGURE 4. Box plot of the RMS value of the ripple expressed as a percentage of the mean torque produced. The central marks in the boxes represent the median, the edges of the boxes represent the 25th and 75th percentiles, and the whiskers extend to the most extreme data points not considered to be outliers, as the outliers are plotted separately as plus signs. A16, A14, A12, A10, and A8 refer to asynchronous 16, 14, 12, 10, and 8 HZ stimulation, respectively. C40 and C20 refer to conventional 40 and 20 HZ stimulation, respectively. V100, V50, and V25 refer to volitional contractions at 100%, 50%, and 25% of the maximal voluntary contraction, respectively.
highest stimulation frequencies (A16 and A14) were found to induce contractions with mean RMS ripple values of 1.06%, and 2.68%, respectively. Meanwhile, the 3 asynchronous protocols with the lowest stimulation frequencies (A12, A10, and A8) were found to induce contractions with mean RMS ripple values of 6.77%, 6.04%, and 8.64%, respectively. The mean torque evoked during each stimulation protocol is listed in Table 2 . Asynchronous stimulation was found to produce stronger contractions on average, with mean torques of 33.9, 32.1, 27.0, 23.7, and 14.2 N-m for A16, A14, A12, A10, and A8, respectively. Meanwhile, conventional stimulation produced generally weaker contractions, with mean torques of 16.8 and 13.4 N-m for C40 and C20, respectively. To examine if fatigue due to protocol order affected the data, a simple linear regression was performed with the protocol order as the independent variable and the mean torque output as the dependent variable. While the linear regression resulted in a linear curve fit with a downward slope, regression analysis resulted in a P-value of 0.0596. Thus, there is not enough evidence to conclude that there is a relationship between the protocol order and the mean torque at a significance level of a 5 0.05. While we cannot exclude the possibility that some fatigue occurred with the order of contractions, the coefficient of determination was found to be 0.0426, further indicating that the protocol order explained less than 5% of the variation in torque. The linear fit to the evoked torque as a function of the protocol order is shown in Figure 5 .
DISCUSSION
The results indicate that both asynchronous 16 HZ stimulation and conventional 40 HZ stimulation can induce contractions which are as ripplefree as volitional contractions in healthy individuals (see Fig. 4 and Table 1 ). However, on average, asynchronous 16 HZ stimulation induced contractions that were more than twice as strong as conventional 40 HZ stimulation, given the same current amplitude (see Table 2 ). Asynchronous 16 HZ stimulation with 4 channels has been shown previously to induce less fatigue than conventional 40 HZ stimulation. 34 Thus, when smooth, strong, fatigue-resistant contractions are desired, asynchronous 16 HZ stimulation is preferred over conventional 40 HZ stimulation. FIGURE 5. Scatter plot of the mean torque produced as a function of the protocol order with the corresponding linear fit. While the linear regression resulted in a linear curve fit with a downward slope, regression analysis resulted in a P-value of 0.0596. Thus, there is not enough evidence to conclude that there is a relationship between the protocol order and the mean torque at a significance level of a 5 0.05. Furthermore, the coefficient of determination was found to be 0.0426, indicating that the protocol order explained less than 5% of the variation in torque.
Asynchronous 14 HZ stimulation induced contractions with similar ripple to that of conventional 20 HZ stimulation; however, neither protocol was as ripple-free as volitional contractions (see Fig. 4 and Table 1 ). On average, asynchronous 14 HZ stimulation induced contractions that were more than twice as strong as conventional 20 HZ stimulation, given the same current amplitude (see Table 2 ). While it is expected that asynchronous 14 HZ stimulation would induce less fatigue than conventional 20 HZ stimulation, previous studies have not compared the NMES-induced fatigue of the 2 protocols. Thus, it is not presently clear if asynchronous 14 HZ stimulation provides a significant fatigue benefit over conventional 20 HZ stimulation, in addition to producing stronger contractions.
Asynchronous 10 HZ stimulation was found to induce 40% stronger contractions than conventional 40 HZ stimulation on average, given the same current amplitude (see Table 2 ). This result is in agreement with previous findings, where asynchronous 10 HZ stimulation required 20% less current to reach the same desired torque. 33 Asynchronous 10 HZ stimulation has been shown previously to induce less fatigue than conventional 40 HZ stimulation, 26, 33 and thus, asynchronous 10 HZ stimulation would be the preferred FES protocol if it exhibited similar ripple to conventional 40 HZ stimulation. In theory, asynchronous 10 HZ stimulation with 4 channels is capable of eliciting contractions which are as smooth as conventional 40 HZ stimulation; however, the results indicate that asynchronous 10 HZ stimulation may exhibit significantly more ripple than conventional 40 HZ stimulation (see Fig. 4 and Table 1 ). Furthermore, the 3 asynchronous stimulation protocols with the lowest stimulation frequencies (8, 10 , and 12 HZ) were found to produce significant ripple compared with volitional contractions (see Fig. 4 and Table 1 ). While these 3 protocols are expected to reduce NMES-induced fatigue, the results suggest that 8, 10, and 12 HZ asynchronous stimulation with 4 channels may not be suitable for FES applications that require contractions which are as smooth as volitional contractions in healthy individuals.
It should be noted that different electrode configurations (i.e., electrode size, shape, placement, and the number of stimulation channels) could alter the amount of ripple during asynchronous stimulation. However, the electrode configuration of this study was selected in an effort to prevent activation overlap which could otherwise limit the effectiveness of asynchronous stimulation as a method to reduce fatigue. Low stimulation frequencies have been shown to reduce fatigue, but this study indicates that low frequency asynchronous stimulation can lead to increased ripple. Thus, future research should investigate methods to reduce ripple so that low frequency asynchronous stimulation may produce strong, smooth, and fatigue-resistant contractions.
The extent that force ripple impacts FES control and the smoothness of FES-induced movement remains an unanswered question. We investigated force ripple during volitional contractions of healthy individuals under the assumption that stimulation protocols resulting in a similar amount of force ripple are sufficient to produce movements similar to that of healthy individuals. However, because the relationship between isometric force ripple and the smoothness of FES-induced movement is not presently known, future studies should investigate this relationship to determine the lowest suitable stimulation frequency to elicit movements similar to that of healthy individuals. Future efforts should also examine the relationship between stimulation frequency and NMES-induced fatigue during asynchronous stimulation. Low stimulation frequencies have been shown to reduce NMES-induced fatigue; however, there may be a lower bound on the stimulation frequency beyond which there is no discernible change in NMESinduced fatigue. Thus, the choice of an optimal asynchronous stimulation frequency that elicits fatigue-resistant movements similar to the volitional movements of healthy individuals is a topic of interest for future studies on NMES-induced fatigue and the effect of force ripple on the FESinduced movement.
